Abstract: Vesuvius is a high-risk volcano and the 1631 Plinian eruption is a reference event for the next episode of explosive unrest. A complete stratigraphic and petrographic description of 1631 pyroclastics is given in this study. During the 1631 eruption a phonolite was firstly erupted followed by a tephritic phonolite and finally a phonolitic tephrite, indicating a layered magma chamber. We suggest that phonolitic basanite is a good candidate to be the primitive parental-melt of the 1631 eruption. Composition of apatite from the 1631 pyroclastics is different from those of CO 2 -rich melts indicating negligible CO 2 content during magma evolution. Cross checking calculations, using PETROGRAPH and PELE software, accounts for multistage evolution up to phonolite starting from a phonolitic basanite melt similar to the Vesuvius medieval lavas. The model implies crystal settling of clinopyroxene and olivine at 6 kbar and 1220 ∘ C, clinopyroxene plus leucite at a pressure ranging from 2.5 to 0.5 kbar and temperature ranging from 1140 to 940 ∘ C. Inside the phonolitic magma chamber K-feldspar and leucite would coexist at a temperature ranging from from 940 to 840 ∘ C and at a pressure ranging from 2.5 to 0.5 kbar. Thus crystal fractionation is certainly a necessary and probably a sufficient condition to evolve the melt from phono tephritic to phonolitic in the 1631 magma chamber. We speculate that phonolitic tephrite magma refilling from deeper levels destabilised the chamber and triggered the eruption, as testified by the seismic precursor phenomena before 1631 unrest.
Introduction
Somma-Vesuvius historic activity is characterised by occasional Plinian eruptions (79 A.D., 472 A.D., 1631 A.D.) separated by long periods of inactivity [1] . Each Plinian eruption was followed by an open-conduit phase, producing either effusive, often eccentric, eruptions [2] or mixed (effusive and explosive) eruptions, of Strombolian to violentStrombolian type and sub-plinian [3] . Plinian eruptions produced evolved pyroclastics ranging from phonolitic tephrite to tephritic phonolite [4] . In contrast, eccentric effusive vents poured out fluid phonolitic basanite or phonolitic tephrite lavas (as studied in this paper). This behaviour suggests differentiation in the magma chamber leading to the Plinian eruptions, as opposed to sudden discharge of near-primary magma rising from a deep reservoir. Both reactivation scenarios are needed to describe the volcanic hazard in the Vesuvius area.
A classical approach has been adopted here, with the deliberate omission of models generated by experiments using artificial charges. Hard data from rocks and minerals, collected through accurate stratigraphic work are used instead. Juvenile pyroclastic composition is used to constrain the possible parental magma, its liquid line of descent and chemical zoning in the magma chamber. Magma evolution software was used to verify the hypotheses created using the field and petrological data. With regards to the nomenclature of the rocks we use that approved by International Union of Geological Sciences [5] .
All the hypotheses proposed for the Vesuvius Plinian eruptions are considered to explain the magma chamber evolution up to the triggering of the eruption: (I) fractional crystallisation and an increase in volatiles pressure leading to magma chamber wall breakage [6] , (II) limestone Assimilation and Fractional Crystallisation (AFC) with con-sequent explosion [7] , (III) feeder dyke formation with the injection of fresh hot magma in the plumbing system and consequent destabilisation of the chamber [8, 9] ; (IV) a combination of the above mechanisms [10] .
The behaviour of volatiles, especially CO 2 , which is particularly crucial in AFC models [7] , has been investigated using apatite compositional variations.
The ultimate aim of this work is the formulation of a melt evolution model for the 1631 magma chamber and its eruption trigger, which represents one of the possible future hazardous scenarios in the case of explosive reactivation of the volcano [11] . This possible unrest has to be evaluated and forecast with maximum effort through a multidisciplinary approach, as the next Vesuvius eruption will impact one of the world most populated and vulnerable volcanic areas.
The 1631 AD eruption and deposits
The 1631 event is classified as a relatively small Plinian eruption [12] following both the approach of [6] based on the eruptive column height of about 20 km and with the discharge rate (M 0 ) peak of 8 × 10 7 kg/sec [13] . Before this eruption, Vesuvius was at rest for about five centuries [14] . The 1631 eruption caused more than 4,000 fatalities, significantly affected the Neapolitan region and influenced the evolution of natural sciences in the first half of the 17 th century [15] . Due to the proximity of Vesuvius to Naples, this eruption was described in hundreds of contemporaneous chronicles. Long-term seismic precursors are documented and consist of several local events felt in Naples from 1616 to 1630, ranging on the Mercalli Cancani Sieberg (MCS) intensity scale from III to VII [16] . Notably two main seismic sequences are recorded during 1620 to 1622 and in 1626 with a damaging event that occurred on 10 th March 1626 at 00:40 h (UT). In addition, on 2 nd April 1630 Naples was rocked by a powerful quake described as fairly long and producing a considerable shaking of buildings [16] . In 1631, from November to December, considerable seismic activity occurred in the Vesuvius area culminating in a grade VII MCS shake on 15th December at 23:00 h (UT), followed by an intense seismic swarm (> 30 felt shocks) [16] . As a whole, two seismic swarms culminating in a grade VII MCS event occurred in the five years prior to the eruption. At the same time, short-term precursors, such as sensible ground-deformation, were accurately documented during the final week before the eruption [13, 14] .
According to [13] , the eruption started on 16 th December 1631 at 07:00 h (UT) with the rapid growth of an eruptive column that lasted around 8 hours. Fallout of vesiculated lapilli and lithic clasts occurred until 18:00 (UT) on this day (Plinian phase). During the night between the 16 th and 17 th the volcano produced discrete explosions accompanied by lapilli relapses (Vulcanian phase). At 10:00 (UT) on December 17 th several hot pyroclastic flows gushed out during a major collapse of the summit of Vesuvius (Nuèes Ardentes phase). These flows travelled to the nearby coast in a few minutes, destroying everything in their path (Fig. 1a) . Afterwards a column of ash arose from the large depression left after the Nuèes Ardentes phase.
In the night between the 16 th and the 17 th and in the following days extensive lahars and floods, resulting from heavy rains, affected the valleys of the volcano and spread across the plain North and Northeast of Vesuvius, producing further devastation. This eruptive sequence is not substantially different from that of the Plinian eruption of 79 A.D. [1] The main depositional unit of the 1631 eruption consists of a thick Plinian fallout bank (Fig. 1b, Fig. 2c, 2d ) composed of vesiculated white-greenish lapilli, crystals and lithic clasts, overlying a 30 cm thick paleosoil (Fig. 2d ). At the mid-level of the fallout deposit there is a change in colour of the juvenile pyroclasts from white-greenish to grey-greenish (Fig. 2c ). On this basis the Plinian fallout depositional unit is subdivided in two subunits: the "white fallout" and the "grey fallout" (Fig. 1b) [13] . This deposit has been sub-divided into seven layers (from a to f in Fig. 1b ) on the basis of planar discontinuities, gradation, grain size and component changes. The crystal-rich a layer ( Fig. 1b and Fig. 2d ) corresponds to the early stage formation of the Plinian column. Layers b, c, and d form the "white" sub-unit. The layer d is a mixed level with lightand dark-pumices, while the "grey" sub-unit is comprised of e i , es, and f layers. The f layer shows a large amount of lithic clasts and high-density lapilli. In the fallout-type sections of Scudieri and San Leonardo (2 and 8 in Fig. 1a) , the Plinian fallout is overlain by a few centimetres of lapilli deposited during the Vulcanian phase (g layer in Fig. 1b) .
The pyroclastic rocks produced by the Nuèes Ardentes phase confined to the higher slopes of Somma-Vesuvius were emplaced by diluted density currents (surges) [13] . Concentrated pyroclastic density currents (pyroclastic flows) entered the valleys of the southern portion of the volcano and spread through the foothill areas into the sea (Fig. 1a) [13, 17] . The pyroclastic flows are up to 8 m thick, unwelded, massive and ash-rich, characterised by notable amounts of lava lithic clasts, clinopyroxene adcumulates, skarn fragments, and marls. Occasionally sparse remains [13] ). Numbered white spots refer to the sampling sites described in Table 1 . Plinian fallout distribution is due to Westerly winds and consequently accumulated the East of the volcano. Due to the presence of the Monte Somma north of the Vesuvius main cone, pyroclastic flows mainly flowed and accumulated in the southern portion of the volcano Surge deposits distribution is not shown. (b) Stratigraphical column of the 1631 fallout deposits subdivided into two subunits (grey and white), on the base of the colour changes inside the deposit. To assess different eruptive phases, which may correspond to different conditions of magma emission, changes of composition and of volatile content in the chamber, a fine distinction of fallout deposit in several layers (a-f ) was conducted on the type-sections of Scudieri (2) and San Leonardo (8) . The fallout sequence is topped by the phreatomagmatic ashes emitted at the end of the eruption, after the collapse of Vesuvius main cone. Theg layer corresponds to the vulcanian fallout emitted during the night of December 16 th .
of charred vegetation are found (Fig. 2b) . In some localities (e.g., Pozzelle quarry) (site 45 in Fig. 1a ) up to four flowunits are present (Fig. 2a and 2b ).
Methods

Sampling
Fallout deposits were mainly sampled in the two typesections of San Leonardo and Scudieri (respectively 8 and 2; Fig. 1a ). Samples were collected from each one of the seven layers composing the fallout deposit (Table 1) . Sampling was repeated in two different sections to obtain robust data on chemical variation inside the fallout deposit. A total of 69 single juvenile scorias from pyroclastic flow units were handpicked and analysed (Table 1) . Assuming that the Plinian fallout deposit is fully representative of the magma chamber conditions prior to the eruption, as demonstrated by the bulk rock geochemistry (section 3.2), apatite chemistry of 10 samples from the Plinian fallout were analysed (Table 3a) . Apatite crystals, about 0.01 mm long, were separated by heavy liquid (sodium polytungstate) settling, purified using Frantz magnetic separators at different operative conditions and finally handpicked.
Bulk rock analyses
Representative juvenile components were crushed and powdered and used for major and trace elements analyses. Seventy-nine whole-rock chemical analyses were performed at Actlabs Laboratories, Canada via inductively coupled plasma mass spectrometry (ICP-MS). A set of CO 2 determinations was obtained by Othmer-Fröhlich method at the Institute of Geosciences and Georesources, CNRPisa. Fluorine was determined by NaOH fusion and specific ion electrode, Cl was determined by water leaching and ICP-MS. Instrumental sensitivity for major elements is 0.01%, and between 0.01 and 1 ppm for trace elements. Reproducibility is between 2% and 5% for major elements and 2% for most of the trace elements. Data in Table 2a , 2b are rounded to three figures in accordance with instrumental sensitivity.
Scanning Electron Microscope (SEM) and Electron Micro Probe Analysis (EMPA)
Apatite crystals were preliminarily examined using an Energy Dispersive System (EDS) on a SEM, then were analysed for Ca, Sr, Fe, Mg, Mn, Na, La, Ce, Nd, Y, P, Si, S, F and Cl with a Cameca Sx50 microprobe run at 15 kV and 20 nA, at the London Natural History Museum (EMMA division) using wollastonite as a standard for Ca and Si, synthetic Sr and Ti oxide for Sr, pure metals for Fe and Mn, olivine for Mg, jadeite for Na, rare earth glass for Ce, La, Nd, Y, Durango apatite for P and F, celestite for S and halite for Cl. As F analysis may result in count acceleration [18] , P and F were analysed with short counting times at the beginning of the analytical sequence. After data collection for the major elements, longer measurements were made for the minor and trace elements, since this second group of elements shows less variation with beam exposure time.
The apatite formula A 10 (XO 4 ) 6 (OH,F,Cl) 2 was adopted.
X-ray diffraction for determination of lattice parameters (XRDSC), Infra Red (IR) and Raman
Selected single apatite crystals were investigated by XRDSC. IR and Raman spectroscopic investigations were Table 3a and depicted in Fig. 4a-4c . The IR spectra using a KBr disc were scattered in a Fourier Transform IR instrument Bruker mod. IFS113V, collecting 50-100 scans in vacuum (P = 5 mbar) over the range 400-4000 cm −1 .
The oriented micro-Raman spectrum sample 39b was measured using a 180-degree back-scattering geometry with a Labram micro-spectrometer (instrument mod S.A.). A curve-fitting program was applied for the determination of frequencies of the weak bands for both IR and Raman spectra. [19, 20] . Consequently, the compositional evolution of apatites mimics that of the magma from which they crystallised. In particular, the substitution among the F − , Cl − and OH − ions, which occupy the structural channel (Z site), is a sensitive indicator of the fugacity of corresponding volatiles in the magma [21, 22] . So, co-variations in apatite ionic species (e.g., OH − , Cl − , F − ) related to volatile components (e.g., H 2 O, HCl, HF) and non-volatile elements (e.g., Rare Earth Elements (REEs)) in the magma suggest that a common process (e.g., fractional crystallisation) occurs during apatite crystallisation ( Fig. 4a-4c ). In addition, apatite is crucial to assess CO 2 content in the crystallising melt. were resolved, similar to those of the apatite end members [25] . Finally, Si and S contents of the 1631 samples should be less than 1% because it is not possible to resolve peaks related to structural SiO 4 , SO 4 , CO 3 anions by these Raman spectra.
XRDSC and Vibrational spectroscopy
EMPA
In the 1631 apatites the A-site is chiefly filled by Ca with a slight substitution of Mg, Sr and light REEs (less than 0.1 apfu), while the X-site is mainly occupied by P with a weak substitution of Si and S (generally less than 0.1 apfu). The most distinctive substitution occurs in the channel, with F varying from 1.05 to 1.82 apfu, Cl from 0.02 to 0.24 apfu and OH from 0.16 to 0.80 apfu (Table 3a) .
Apatite data implications
Apatites from the vent-opening deposit levels (sample 2a in Fig. 3c, d and Table 3a ) and the first emitted Plinian fallout pumices (sample 2b in Fig. 3c, 3d and Table 3a) have the lowest molar fraction of F-Ap, and the highest OH-Ap values, whereas apatites from the Vulcanian phase deposit (sample 2g in Fig. 3c , 3d, Table 3a ) have the highest F-Ap and the lowest OH-Ap fraction (Fig. 3c) . The molar fractions of F-Ap and OH-Ap change quite regularly along the sequence, except for sample 2f, which shows lower F-Ap and higher OH-Ap than adjacent samples, consistent with its probable formation position at the con- 274  12  436  R2  1074  1079  1240  1050  1125  1333  1350  1417  1288  1347  Rm  1074  1079  1240  1050  1125  1333  1350  1417  1288  1347  Rs  1999  2033  2304  2239  2340  2138  2133  2318  2241  2421  Ri  2455  2515  2219  2379  2265  2061  2203  2044  2229  1985 note: (a) = Pyroclastic flow; (b) = Plinian fallout; (c) = Lava; FeO* = total iron; n.a. = not analyzed; ** = http://georoc.mpch-mainz.gwdg.de/ georoc/ Continued on next page R1  284  221  367  746  644  285  1189  1146  999  R2  1661  1657  1712  1790  1822  1587  2042  2027  1706  Rm  1662  1657  1712  1790  1822  1587  1231  2027  1985  Rs  2114  2119  2210  2411  2350  2256  2101  2512  2228  Ri  1830  1898  1843  1665  1705  1971  2175  1366  1122 note: (a) = Pyroclastic flow; (b) = Plinian fallout; (c) = Lava; FeO* = total iron; n.a. = not analyzed; ** = http://georoc.mpch-mainz.gwdg.de/ georoc/ Concluded Concluded tact with the skarn shell of the magma chamber. On the other hand, there is no significant co-variation of Cl-Ap with stratigraphic position. The variation of a and c cell parameters, together with the c/a ratio, are characteristic of OH-F binary apatites (Table 3a and 3b) . Only F, Cl and OH are meaningful in terms of correlation with c/a with magmatic evolution along the eruptive sequence (4 a, b and c). According to [25] , who established chemical characteristics for apatites from different alkaline rocks and carbonatites, the 1631 compositions, in terms of F-Cl-OH, are typical of mafic alkaline silicate rocks and are clearly different from those of apatites crystallising from CO 2 -rich melts (Fig. 3d) . Summing up, the chemistry of 1631 apatites excludes their crystallisation from either a CO 2− 3 -saturated melt or a carbonate-contaminated melt and highlight a general increase of volatiles (such as OH) from the bottom to the top of the magma chamber, which is coherent with a fractional crystallisation process.
Petrology
Juvenile lapilli petrography
Juvenile lapilli of the 1631 eruption are vesiculated, showing a porphyritic texture in which there is a continuous variation in crystal size (i.e., seriate texture) (Fig. 5a ) and variable mineral phases/glass ratios, with crystal content between 20 and 36 vol.% [13] .
Lapilli pheno-modal composition is generally leucite phonolitic tephrite but many samples show clearly that Kfeldspar dominates on plagioclase and are leucite tephritic phonolite or even phonolite. Phonolitic tephrite samples contain more abundant leucite and magnetite. Main A feldspatoid of the cancrinite group (microsommite) was also observed [13] . K-feldspar forms corroded skeletal or euhedral phenocrysts (Fig. 5c) . Larger corroded crystals show kaolinitic alteration along cleavages, with faint zonation and/or perthites. Abundant, euhedral fresh K-feldspar laths are in the groundmass. Plagioclase is zoned, generally subhedral and forms seriate phenocrystals. Leucite is generally fresh, euhedral in the groundmass with concentric magnetite inclusion, or forms large fragments up to 2 cm (Fig. 2e) , showing characteristic sector polysynthetic twinning and K-feldspar and clinopyroxene inclusions (Fig. 5b) . Nepheline is limited to small intergranular patches. Clinopyroxene occurs as large subhedral or euhedral zoned crystals, showing corrosion features, whereas smaller groundmass clinopyroxene crys- tals have skeletal features. Biotite-phlogopite flakes show kink bending and fringed endings. Some large mica crystals show corrosion and reaction rims, which indicate a possible xenocrystic origin. Mica contains abundant clinopyroxene and is possibly disaggregated from larger ultramafic nodules of mica-clinopyrossenite (Fig. 5d) . Olivine forms small subhedral grains in the ground mass or rare resorbed phenocrysts. EMPA of olivine testifies (Fig. 5e, 5f ) and K-feldspar, or as discrete euhedral crystals in the groundmass (Fig. 5g) up to 250-300 µm showing clinopyroxene inclusions (Fig. 5h) . Magnetite forms discrete euhedral crystals or crystal aggregates in the groundmass. Glass is clear, colourless to brown-yellow. 
Skarns lithic fragments
Skarns are an interesting part of the lithic clasts from the 1631 eruption and sometimes show multiple complex contacts among igneous rock, skarn and marble (Fig. 6) . The marble is medium-grained, quite pure periclase/brucite marble (Fig. 6a) . The skarns are banded and their contact with porphyritic tephritic phonolite is marked by a phlogopite and/or clinopyroxene reaction rim, 1-10 mm thick (Fig. 6a) . The skarn bands consist of millimetrethick alternating undulated or convolute lamination of essential forsterite, spinel and calcite, roughly parallel to the boundaries of the magmatic rock rim (Fig. 6b) . Skarn blocks vary from sharp fragmental shape to rounded corroded shapes infiltrated by the melt (Fig. 6c) . A detailed mineralogical description of these skarns is found in [26, 27] . Observation of composite igneous, skarn and marble contacts in the 1631 ejecta testifies the very limited thickness of the skarn shell. [28] (Fig. 7a-7f, Fig. 8a-8h) . The solidification index is preferred in this context to the more commonly used SiO 2 Juvenile fragments from pyroclastic flows show a bimodal composition virtually identical to the light and dark lapilli in the Plinian fallout. Notably, in the white lapilli there is a more evolved sample that detaches from the rest in all the diagrams but compares with four lapilli samples from the pyroclastic flow samples ( Fig. 7a-7f; Fig. 8a-8h ). Although these evolved samples are ca. 5% of the dataset, data are consistent enough to justify a different rock-type (Fig. 9) .
Bulk rock geochemistry
In the Total Alkali vs. Silica (TAS) diagram (Fig. 9a) , the 1631 rock samples are somewhat dispersed in four different classification fields but most samples plot in the phono tephrite and tephri phonolite plotting fields. Sev- eral 1631 pyroclastics have water content > 2% and the use of the TAS diagram it is not advisable above this threshold [5] . Classification cannot simply be done based on the TAS diagram and a double check is required. The de La Roche's classification diagram is a neat addition and offers more value because its suitability for volatile-rich and alkaline rocks [29] (Fig. 9b) . In addition, it has the two-fold advantage of being semi-normative and able to explain a much larger chemical variance as it involves all the major oxides and carbon [29] . Chemical composition of the 1631 rocks in the de La Roche diagram follows a narrow path basanite → tephrite → phonolitic tephrite → phonolite. In addition, this diagram shows that the tephrite and phonolitic tephrite compositions are pretty well separated and basanite and phonolite compositions are also represented.
Normative calculation (CIPW) (Table 2a) for 1631 samples provides additional information determining the . Multi-element diagrams for 1631 juvenile components normalised to primitive mantle and CH1 chondrite [67] . Average basanite composition from anorogenic gelogical setting is displayed for comparison with the 1631 rocks [32] . PA28 is a Medieval Vesuvius lava of basanitic composition. Note a similar HFSE distribution and a strong enrichment of LILE in Vesuvius rocks in Fig. 11 . REE distribution is very similar for 1631 rocks and average Mediterrean basanites, which have a lower LREE/HREE ratio, notably PA28 Vesuvious basanite shows a markedly lower LREE/HREE. ideal mineralogy of these porphyritic rocks. The degree of silica saturation produces lc + ne saturation and abundant diopside formation. About 50% of the samples express some normative olivine, from 1.2% to 10.2% with an average of 4.2%, whereas modal olivine ranges from only 1 to 2%. Normative or + ab / wo + en + fs + fo + fa ratio works as a differentiation index and when plotted against normative lc + ne indicates that compositions with higher mafic content, for each rock types, correspond to the less evolved rocks having higher foids content (Fig. 10a, 10b) . From a normative point of view, the 1631 samples are well defined in the Fo-(Ne + Ks)-Or triangle of the Rm-Rs-Ri diagram (Fig. 10c) [29] . More primitive compositions plot in the Fo-(Ne + Ks)-Lc sub-triangle but most compositions move towards Lc-Or tie-line in the Fo-Lc-Or sub-triangle. When the CIPW norms of 1631 samples are plotted in the conventional alkali feldspar -quartz -plagioclase -foids (AQPF) normative diagram (Fig. 10d) , they spread from foidite (virtually Or-free) to tephritic phonolite. In general, normative diagrams are consistent with chemical classification and indicate a Fo-bearing composition (tephrite or basanite) evolving to an Or-rich term (phonolite). Combining chemical, normative and modal compositions, the following classification for the 1631 rocks types is adopted: leucite phonolitic tephrite, leucite tephritic phonolite and leucite phonolite. Phonolitic basanites are excluded upon [5] criteria because modal olivine is << 10 vol.% in the 1631 samples.
In tephritic phonolite and phonolitic tephrite, Ba averages 1778 and 1652 ppm, Sr averages 1035 and 921 ppm and the Cr + Ni sum averages 70.2 and 104 ppm, respectively. General chemical evolution of the melt is obtained by plotting large lithophile Elements (LILE) and high field strength elements (HFSE) vs. solidification index (Fig. 8) . A considerable decrease in the Cr + Ni sum coupled with a significant increase in Th and La, Zr and especially incompatible Rb is apparent (Fig. 8) . Again three different chemical rock-types are defined.
The most primitive 1631 samples TILES(4)D has MgO = 5.42 wt.%, Mg # = 78 and Cr + Ni = 123 ppm. These values are comparable with those reported in the literature for the 1631 most primitive sample, GV2, from [45] that contains MgO = 5.82 wt.%, Mg # = 77 and Cr + Ni = 148 ppm (Table 2a and 2b).
The most primitive Vesuvius rocks may be represented by medieval lavas PA10 or PA28 that have MgO = 7.77-8.01 wt.%, Mg # = 67-83 and Cr + Ni = 273-324 ppm and normative olivine (Fo + Fa)~10% (Table 2a and 2b) . Representative Vesuvius basanite (PA28) displays higher LILE but lower Zr-Hf and Ta-Nb with respect to selected Mediterranean rocks classified as basanites in both the TAS and de La Roches's diagrams and having~10% of olivine in the CIPW norm (Table 2a and 2b, Fig. 11a ). 1631 rocks conform to the geochemical pattern of hypothetical basanitic parental magma (PA28) but have a slightly higher LILE/HFSE ratio as expected from evolved daughter rocks (Fig. 11a) . Total REEs average 286 ppm in 1631 leucite phonolite, 282 ppm in leucite tephritic phonolite and 270 ppm in leucite phonolitic tephrite. The average LREE/HREE ratio is 45 in 1631 phonolite and 1631 tephritic phonolite and 43 in 1631 phono tephrite, as expected in rocks evolved from each other. In addition, a crossover occurs at Nd level, indicating that phonolites are enriched in LREE and notably in La.
The compositional ranges for the three 1631 rocktypes substantially overlap with average orogenic Mediterranean basanites (Fig. 11b ). There is a slightly negative Eu anomaly in the order of that observed in average Mediterrean basanites.
Petrogenesis
Both in middle ages and in modern times, Vesuvius issued olivine-bearing lavas during intra-Plinian activity by vents aligned WSW-ENE on the southern flank of the volcano [2, 17] . These Vesuvius phonolitic basanites (Table 2a and 2b) are here considered to have a primitive magmatic composition (i.e., the Vesuvius parental melts). These lavas have modal olivine~10%, MgO content > 7 wt.%, high Mg # (83-86) and high Cr + Ni (usually in the 200-270 ppm range), which are very reasonable figures for primitive, mantlederived melts [30] . CaO content is up to 12.9%, which is relatively high for alkaline basalts that usually have between 6 and 12%, but more similar to average Mediterranean basanites, which have 11.43 wt.% (Tab. 2a). Italian kamafugitic rocks contain much higher CaO (up to 15.4) but are intrinsically related to a carbonatitic component, which is not present at Vesuvius [31] .
If we look at 'immobile couples' Hf/Zr and Ta/Nb ratios of all the rocks considered are distributed in a narrow range of variation (Fig. 12) around an average composition of Hf/Zr ratio of 0.023 and Ta/Nb ratio of 0.061, comprising 193 anorogenic Mediterranean samples which classify consistently as basanite [32] . Genuine basanites are rare in Italy and restricted to the Veneto Province [33] and Hyblean plateau [34] . In addition, there are some samples from the Roman Region [35] . Vesuvius basanitic lava PA28 and average historical Vesuvius lavas plot in the high Hf/Zr and low Ta/Nb quadrant with respect to average Mediterranean basanites and are more similar to Hyblean Distric and Roman Region basanites; whereas, Veneto district basanites have much higher Ta/Nb and thus represent a different mantle source (Fig. 12) . Notably, average 1631 phonolitic tephrite is also very close to the average mediterrean basanites (Table 2a and 2b) , suggesting a similar genetic condition.
The use of fractional crystallisation and mass balance modelling by petrologic software requires pressure (P) and temperature (T) inputs, which have to be obtained via mineralogical and geological constraints. Clinopyroxene, olivine ± Cr-spinel are the first phase to crystallise in primitive Vesuvius liquids [36] plus leucite at pressures > 2.5 kbar. The Fo content of olivine is used to estimate the crystallising melt temperature [37] . Olivines from 1631 samples average Fo 96 and typically contain Cr 2 O 3 + NiO between 0.01 and 0.03 wt.% (Table 3b) ; this could be a reaction product found in the skarns. Olivine from Vesuvius lavas have Fo content up to 90 mol.% [38] . According to correlation curves, Fo 90 crystallising melt would have a maximum potential temperature of 1300 ∘ C [39] . This is in accordance with the liquidus T at 6 kbar modelled by software at 1280 ∘ C and is lower with respect to Italian primitive kamafugites, which are associated with carbonatites [40] . Mineralogy of 1631 deposits suggests that evolved 1631 magma rested in a magma chamber where low-pressure phases, such as leucite and vesuvianite can crystallise (max 2.5 kbar) [41, 42] . Coexistence of K-feldspar and leucite in the 1631 deposits constrains the temperature of the magma chamber at~1090 ∘ C, based on the classical experimental phase equilibria results of [43] for the system NaAlSi3O8-KAlSi3O8-H2O. Recently, a pre-eruption temperature of 977 ± 30 ∘ C was computed for the 1631 eruption by [44] using the CaO content of the most felsic groundmass glass and CaO geothermometry. The minimum temperature of the 1631 magma crystallising inside the magma chamber is assumed to range from 1170 to 850 ∘ C based on homogenising temperatures of melt inclusions [45] . Leucite may be metastable during K-feld cristallisation, in this case a temperature between 900 and 850 ∘ C is reasonable at a late stage of melt evolution. These temperatures are also in agreement with δ 34 S and Sulphur contents measured in 1631 volcanics by [46] . This pre-eruption temperature corresponds to a water pressure of ∼ 1.25 kbar along the incongruent melting curve of K-feldspar [43] , whereas the uncertainties regarding the temperature estimated by [44] converts to a pressure range of ∼ 0.8 to 2.6 kbar. At water contents larger than 1 wt.%, the phonolitic melts has a very low viscosity even at temperature < 850 ∘ C [47] . A low pressure superficial chamber located about 1.5 km beneath the volcano is consistent with the caldera-like collapse of the main Vesuvius cone that occurred in the aftermath of the Nuées Ardentes phase of the 1631 eruption [13] and is confirmed by the comparison of the nature and distribution of lithic clast populations within the 1631 deposits and the stratigraphic sequence beneath the volcano [48] . The intense seismicity that occurred from 19 th November to 16 th December restricted to the villages surrounding the volcano also fit with a very superficial source. In addition to literature data, we focused on the identification of a parental magma, which should rely both on compositional and textural constraints of the 1631 and the Vesuvius rocks. Among the Vesuvius phono-basanitic lavas with Mg# ∼ = 80, PA28 sample is a suitable candidate for determining the parental liquid of the 1631 eruption. Starting from this composition, quantitative melt differentiation calculation was performed by mass balance and fractional crystallisation modelling using the Petrograph software [49] and equilibrium line of descent by the PELE software [50] , assuming pressure between 6 and 0.5 kbar in accordance with field and mineralogical data. At higher pressure and lower quartz-magnetite-fayalite redox buffer (QMF) crystallisation models are invariably dominated by crystallisation of clinopyroxene, which appears early in the sequence, whereas olivine is subordinate (Fig. 13a,   Supplementary materials 1) . In fact, at lower pressures olivine crystallisation would be insufficient and plagioclase would disappear at equilibrium. Results of the crystal fractionation modelling suggest that at 6 kbar, Vesuvius phonolitic basanite can fractionate enough olivine (4.8%) and clinopyroxene (18%) to evolve to phonothephritic composition (TILES) at~1220 ∘ C with a QMF + 1. Plagioclase, nepheline and alkali feldspar crystallise in higher proportion and with lower olivine/plagioclase ratios in phono-tephritic composition (TILES) with respect to phonolitic basanite (PA28) at the same P and QMF but at a lower T < 1140 ∘ C (Fig. 13b) . Such differentiation conditions are not possible at lower pressure and higher QMF. Further 3.6 wt.% olivine, plus 13.8 wt.% clinopyroxene and 1.3 wt.% of Ti-Magnetite fractionation would move the liquid to a tephritic phonolite (F67PS(6)) with a T decrease of 90 ∘ C, which virtually consumes all the olivine in the liquidus (Fig. 13c) . Calculations indicate that the subsequent crystallising phases are invariably represented by leucite plus nepheline, clinopyroxene, magnetite, alkali feldspar and apatite, in excellent agreement with the mineral associations of the 1631 rocks. In the range of 1100-940 ∘ C, QMF +2 and 2.5 kbar, tephritic phonolite affected by crystal settling of 15.6 wt.% clinopyroxene, 8 wt.% leucite, 1.8 wt.% Ti-magnetite and 0.8 wt.% apatite would evolve to phonolite (Fig. 13d, Supplementary materials 2) . At 0.5 kbar, modelling indicates that liquid becomes undersaturated in leucite at about 840 ∘ C and massive alkali feldspar crystallisation~40 wt.% starts (Fig. 13d) . The calculated liquid lines of descent fit well with the magmatic evolution from phonolitic basanite to phonolite, the latter representing the extreme differentiates at low T and P and high QMF. Therefore, modelling results indicate that "normative" passage from foidite to phonolite depends mainly on specific cpx, olivine crustal settling at a specific depth and temperature, that plagioclase and nepheline remain in the melt and that leucite may float from tephritic phonolite to phonolite (Table 4) , where it may be unstable (Fig. 13d) . As a consequence, 1631 melt shows a sharp decrease of TiO 2 , CaO, MgO, P 2 O 5 and Cr + Ni during differentiation, a phenomenon well depicted by the Ca # /S.I. or Mg # /S.I. (Fig. 7e-7f) . A negligible Eu anomaly (Fig. 11b) suggests that plagioclase did not contribute to the crystal settling.
Settling velocities of heavy minerals in such lowviscosity, volatile-rich melts is quite high and suggest a rapid melt differentiation (Table 4) . Viscosity, volatile content and temperature was experimentally calculated for the 1631 phonolitic melt portion [47, 51, 52] . We calculated similar values for the main 1631 rock-types and crystal settling velocity using Stokes' law (Table 4) . Different melt densities of calculated dense rock values suggest that in the magma chamber there were at least two liquids with different physical and chemical properties, which favoured relatively isolated, immiscible strata in the chamber. We speculate that the more primitive phonolitic tephrite was injected into the magma chamber at a time relatively close to the eruption. This explains why three different rock types were erupted at different times (phases) of the Plinian fallout, which represent a gradual magma chamber discharge from top to bottom.
As a whole, the liquid line of descent depicted in Figures 8, 9 , 10 and 13 suggests that: (i) the parental 1631 magma (first appearing inside the magma chamber) is a phonolitic tephrite produced by olivine fractionation in a deep reservoir of a phonolitic basanite (similar to the most primitive Vesuvius erupted lavas and Hyblean and Roman Region basanites); (ii) the residual liquid evolved inside a crustal magma chamber to leucite tephritic phonolite and finally to leucite phonolite composition, at subsurface conditions. 
Carbon dioxide
Carbon dioxide in both 1631 apatites (see Section 3.3) and glass inclusion is negligible [44] . 1631 apatite composition are classified as mafic alkaline and are clearly different from those crystallising from CO 2 -rich carbonate melts (Fig. 3d) . At crustal pressure, the CO 2 production by melt/country rock reactions is likely limited to skarn formation. Geologic and textural evidence of a thin skarn shell in the 1631 eruption ejecta testify the small volume of in situ metasomatism and/or thermo-metamorphism at the magma chamber walls but do not imply per se substantial assimilation. Fresh sedimentary lithic clasts in the 1631 pyroclastic rocks are highly indicative of limited magma/crust interaction and thus potential assimilation. Skarn assemblages suggest temperatures of 650-700 ∘ C for the skarn forming processes, which typically include two types of metasomatic reactions, i.e., formation of spinelforsterite-calcite endoskarns by desilication of aluminosilicate bodies at the contact of dolostone wall rocks and reaction of pre-existing endoskarns with new influxes of magma and fluid as documented by [26, 27] . According to these authors, these metasomatic processes are promoted by CO 2 -rich fluids and act as sinks of CO 2 , producing calcite as part of the skarn mineral assemblage. It cannot be excluded that changes in temperature and CO 2 fugacity may drive these reactions in the opposite direction, destroying carbonate minerals and producing CO 2 [53] . The potential CO 2 produced is expected to escape towards the surface considering that: (i) the skarn shell prevents CO 2 movement from country rocks into the magma chamber and (ii) dissolution of CO 2 in the magma can be considered negligible at the relatively low pressure of the 1631 magma chamber (see above) based on the experimentally determined CO 2 solubility in melts (51) . The production of free CO 2 at deeper levels, through deep magma degassing or mantle degassing is very likely, considering the high flux of partly magmatic CO 2 discharged today in Central-Southern Italy, including the Vesuvian area [54, 55] . Nevertheless, the deeply originated CO 2 did not dissolve into the shallow 1631 magma chamber for the reasons noted above.
Limestone assimilation and AFC model
A substantial country-rock assimilation (>>10%) and consequent fractional crystallisation (AFC model) was assumed in the past literature at Vesuvius, originating from the classical work of [56] . This assumption was based on: (I) the widespread presence of limestones, dolostones and marls in the substratum of the volcano, (II) the presence of skarns as ejecta in the volcanics and (III) the abundant CO 2 emission at the surface. Assimilation of cold rocks on a large scale requires large amounts of heat and a proportionally larger amount of very hot magma. Felsic melts generated by underplating at the mantle crust boundary is likely but is a different assimilation model or better melting-mixing model [57] [58] [59] . Many authors strongly criticised this model being widely used for rocks similar to those of Vesuvius and raised objections based on thermodynamic grounds and geochemical evidences [60] [61] [62] . However, some authors, using an experimental approach, still assume that: (I) the Vesuvius primitive/parental melt is a trachy-basalt with MgO of ∼ 5 wt.% and temperature of ∼ 1100 ∘ C and (II) it assimilated significant amounts of limestone, thus chemically regressing to SiO 2 -undersaturated tephritic compositions [7, 63] . This topic requires further discussion. (2) which may convert the basaltic assemblage (plagioclase dominated) into a nepheline-melilite bearing para-genesis. In fact, these reactions form gehlenite and wollastonite, which are among the main constituents of melilite and diopside, respectively. The two main decarbonation reactions referred by [7] are either:
if olivine is present, or:
MgO (melt) + 2SiO 2(melt) + CaCO 3 = CaMgSi 2 O 6 + CO 2 , (4) if olivine is absent. Therefore, the main expected consequences of the progressive digestion of carbonates are destruction of forsteritic olivine, plagioclase and silica and production of CO 2 and diopsidic clinopyroxene. It must be noted, however, that the experimental runs of [7] diverge on several aspects from the natural Vesuvius system and in particular from the 1631 magma chamber and related products. Therefore experimental results cannot be neatly applied to the 1631 case.
Secondly, in the TAS and de la Roche's diagrams, carbonate assimilation and related processes cause either a decrease in SiO 2 at constant Na 2 O + K 2 O or a decrease in SiO 2 accompanied by an increase in Na 2 O + K 2 O as recognised by [7] (see their Fig. 2 and related discussion) . Both trends are roughly perpendicular to the 1631 evolution trend, as shown in Figure 9a and 9b, indicating that there is a marked contrast between the chemical changes driven by carbonate assimilation and the data from the 1631 natural system. The only common point between the experimental runs and the most primitive samples of the 1631 eruption is due to the artificial addition of olivine in the experiments.
Conclusions
Vesuvius parental melt
Although basanite modal compositions are not present among the 1631 samples, Vesuvius basanites exist, even if they were rarely reported in the Vesuvius literature, as already pointed out by [64] . We found that emission of basanitic lavas is characteristic of eccentric fissural eruptions that occurred during middle ages and also in modern times of Vesuvius activity (Table 2a and 2b, Fig. 9 ). From the modal point of view they are phonolitic tephrite (Ol < 10 vol.%) or phonolitic basanite (Ol ≥ 10 vol.%). From the chemical point of view (according to the diagram of [29] , 1986, Fig. 9b ) these rocks are confirmed to be basanites. Most primitive samples [e.g., GV2 or Tiles(4)D in Table 2a and 2b] of the 1631 eruption are phonolitic tephrite but chemically they are close to basanitic composition, with MgO of 5.42 wt.%, Mg # of 69 and Cr + Ni of 115 ppm. Normative calculation (CIPW of Fig. 10d ) and the softwarecalculated liquid line of descent at equilibrium often indicates foidites at low pressure crystallisation; however, this is in contrast with essential plagioclase and k-feldspar in the modal composition of 1631 rocks.
Magma differentiation
The 1631 rocks (phonolite, tephritic phonolite and phonolitic tephrite) are likely produced by means of crystal fractionation processes in a primitive phono-basanitic melt, similar to that erupted during medieval and modern Vesuvius activity and having a composition similar to many other Mediterranean anorogenic basanites. Melt evolution developed through fractional crystallisation of olivine, clinopyroxene and plagioclase, plus nepheline and leucite at lower pressure and temperature. This evolution is reproducible by mass balance calculation and synthetic liquid line of descent with appropriate mineralogy. A first hypothesis is that the parental basanite melt might underplate at the base of the crust, at a depth of approximately 20 km [65] . We speculate that the primary basanite melt may have experienced an early stage of clinopyroxene and olivine separation and evolution to phonolitic tephrite evidenced by adcumulates (Fig. 13c) [39] . A further stage is upward migration and stationing in a crustal reservoir, possibly located ca. 8-9 km under Vesuvius [65] and coinciding with the base of the sedimentary cover (Fig. 14) . At that pressure a reasonable temperature of 1190 ∘ C allows relatively moderate clinopyroxene and olivine fractionation and the melt to evolve significantly to thepritic phonolite (Fig. 13) . Injection of tephritic phonolite melt into a subvolcanic magma chamber may have occurred through repeated refilling [14] . Crystallisation of K-feldspar and other minor phases may produce a layer of immiscible phonolitic liquids at pressures << 1 kbar and a T of about 840 ∘ C (Fig. 13) . Leucite would be metastable in these conditions but its ability to float towards the top of the chamber explains melt undersaturation, which was previously interpreted as limestone assimilation and magma desilication. The observed and calculated crystallisation patter does not require assimilation; crystal fractionation is a sufficient condition. A further injection of hot phono-tephritic melt inside the 1631 magma chamber was likely favoured by local tectonic events accounted for by relatively intense volcano tectonic earthquakes felt in Naples during the five years prior to the eruption [16] .
Magma chamber breakage and eruption scenario
At the wall-rock/magma interface of the magma chamber, represented by the skarn carapace, internal volatilesupported pressure closely balances the external (overburden) pressure as suggested by the relatively long-term magma differentiation without magma chamber deformation. This delicate equilibrium was probably destabilised by the last refilling of fresh magma from the deep reservoir producing sudden breakage of the country rocks accompanied by a notable number of local shakes in the two months before the 1631 eruption. This mechanism is consistent with the presence of both long-and short-term precursors before the 1631 eruption and distribution of recent instrumental ipocentral locations (Fig. 14) [66]. The inferred scenario for the next explosive eruption at Vesuvius involves the formation of a magma chamber, produced by the rising and stationing at shallow depth of a magma batch, possibly accompanied by volcano tectonic earthquakes felt over a large area. The melt in this chamber would stratify and crystallise rapidly, producing volatile pressures that might be able to trigger an explosive eruption in times that are essentially dependent on the frequency and volume of the subsequent feeding events. Vesuvius seismicity suggests two possible volcano seismogenetic levels similar to those hypothesised for the 1631 precursors; however, seismic activity is low and no sequences comparable to those of the 1616 to 1630 period have since occurred. A further scenario is possible, either in the absence of the magma chamber, or in its presence if the uprising phono-tephritic or phono-basanitic magma does not enter the chamber, of discharging directly to the surface through fractures dissecting the low flanks of the volcano. This is a comparatively less severe scenario but low-level vent locations and related outpouring lava would be locally disastrous on the very densely populated coastal band.
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